ABSTRACT Current imaging modalities can provide only a qualitative or semiquantitative measure of the severity of aortic regurgitation. Ultrafast computed tomography (CT) has the capability of rapid imaging (17 frames/sec) coupled with high spatial resolution (1.5 mm2 
to the point of irreversible left ventricular dysfunction.
To evaluate patients with aortic regurgitation, accurate serial quantification of the degree of aortic regurgitation over time by a reliable imaging modality would be clinically valuable, along with measurement of left ventricular mass and left ventricular volumes. Current imaging techniques have proved unsatisfactory in the assessment of the severity of aortic regurgitation. Angiography (and/or digital subtraction angiography) can provide only a qualitative estimate of the severity of aortic regurgitation.-9 Doppler echocardiography can provide a semiquantitative measure of the regurgitant fraction in the presence of aortic regurgitation but has inherent limitations in reproducibility, primarily because of methodologic drawbacks.1 l-t 8 Radionuclide angiography has significant limitations that make accurate right and left ventricular measurements of stroke volume to derive regurgitant volumes difficult and unsuitable for serial examinations. 19, 20 Ultrafast computed tomography (CT) is a relatively new imaging modality that has high spatial and tem-CIRCULATION 728 poral resolution and can obtain serial tomograms that interrogate the right and left ventricles nearly simultaneously. Reconstruction of these tomographic images from apex to base can be used to derive highly accurate left and right ventricular stroke volumes. If the right and left ventricular stroke volumes during suspended respiration are equivalent in the control state, then the difference between the right and left ventricular stroke volumes could provide a highly accurate measure of the actual regurgitant volume during aortic regurgitation. The purpose of this investigation was to determine in an animal preparation, in which aortic regurgitation could be precisely measured by an electromagnetic flow probe, whether the regurgitant volume could be derived accurately by ultrafast CT.
Methods
Ultrafast CT: technical details. The (Imatron C-100) scanner has a unique x-ray source that consists of the single-bend scanning electron beam (130 kV, 600 mA) that is magnetically focused and deflected onto four semicircular (210 degree) tungsten target rings. X-rays are detected with a stationary double array of 864 scintillation photo-diode crystals. Two duration of scan acquisition. At the conclusion of the experiment dogs were killed. A closed loop across the segment of the proximal aorta containing the electromagnetic flow probe was established. The flow probe was then calibrated in situ by pumping known volumes of the dog's blood through the closed loop by a pulsatile blood pump and the output of the probe was recorded at 50 mm/sec paper speed. The calibration phasic flows were planimetered and plotted on graph paper as flow in millimeters per second vs the area under the phasic flow tracing in square millimeters. Data were unacceptable for analysis unless the calibration points were linear with the correlation coefficient near 1.0 (.97 to .99) and the regression line passing through 0. Phasic flow recording in vivo showed a marked change from control after the induction of aortic regurgitation (figure 1). The area of the systolic phasic flow deflection above the baseline represented total left ventricular stroke volume. The area of the diastolic negative deflection below the baseline represented the regurgitant volume. These areas were planimetered to obtain the actual volumes. Regurgitant fraction (percent) by electromagnetic flow probe was determined as the ratio of regurgitant volume to total left ventricular stroke volume times 100.
Edge detection criteria used in this experiment for defining the endocardial cavity interface by ultrafast CT have been previously described. 21, 22 End-diastolic and end-systolic frames were chosen from each cine movie spanning the cardiac cycle at that level. End-diastole was visually identified as the frame with the maximal volume (contrast filling) of the left ventricular cavity and corresponded to the onset of the R wave by ECG triggering. End-systole was visually identified as the frame with the smallest volume of the left ventricular cavity, generally three to four frames (150 to 200 msec) after the onset of the R wave. End-diastolic and endsystolic frames of the right ventricle were assumed to be the same frames representing left ventricular end-diastole and end-systole. Left ventricular volumes were planimetered with exclusion of papillary muscles from apex to base. The criteria for identifying the left atrium separate from the left ventricle included systolic expansion and diastolic emptying, the absence of a thick rim of myocardium representative of the ventricle, and a sharply defined tissue plane that separated the left atrial from the left ventricular cavity. Left ventricular volume measurements were discontinued at the level where the aortic valve plane was visualized. The tomographic end-diastolic and end-systolic volume measurements at each level were summated by Simpson's rule. 
Results
Left and right ventricular stroke volumes in the control state. The left ventricular stroke volume (range 13 to 50 ml) determined from the proximal aortic electromagnetic flow probe correlated closely to the ultrafast CT-derived left ventricular stroke volume (r = .99, slope = .93, y intercept = 2.23 ml, SEE = 1.2 ml, n = 6). During suspended respiration at end-expiration, the stroke volume determined from the proximal aortic electromagnetic flow probe also correlated closely to the CT-derived right ventricular stroke volume (r = .99, slope = .84, y intercept = 4.23 ml, SEE = 1.09 ml, n = 6). Consequently, the simultaneous right and left ventricular stroke volumes obtained during the control state are remarkably similar (r = 1.0, slope = .91, y intercept = 2.24 ml, SEE = 1.09 ml, n = 6).
Hemodynamic variables before and after the induction of aortic regurgitation. The mean heart rate (115 ± 18 beats/min), mean central aortic pressure (72 + 9 mm Hg), and mean pulse pressure (55 + 19 mm Hg) were determined in the control state in the absence of aortic regurgitation in all 16 studies. After the induction of CIRCULATION aortic regurgitation, there was an increase in the mean heart rate (127 ± 28 beats/min), a decrease in the mean central aortic pressure (57 ± 16 mm Hg), and significant widening of the mean pulse pressure (86 ± 24 mm Hg) in the 16 studies. tolic frames and then separately deriving-left ventricular stroke volume, right ventricular stroke volume, regurgitant volume, and regurgitant fraction. The studies included in this comparison were selected at random by the second observer. The interobserver variability was minimal in the measurement of both left ventricular stroke volume (r = .99, slope = .96, y intercept = 1.27 ml, n = 9, range 14.7 to 34.2 ml) and right ventricular stroke volume (r = .99, slope = .92, y intercept = 1.86 ml, n = 9, range 15.9 to 27.9 ml) (figure 5).
The interobserver variability was also minimal in the derivation of the regurgitant volume ( 20 (ml) Although ultrafast CT has obvious advantages for the evaluation of patients with univalvular regurgitation, it also has several limitations. The instrumentation required is expensive and available in only a small number of centers at present. The patient is exposed to a modest dose of radiation (2.5 to 5.0 rads per study) and a modest volume of nonionic contrast medium that must be injected through a peripheral vein with a power injector. Hence, the patient must fast for 4 hr before the study, have acceptable renal function (creatinine less than 2.0 mg/dl), and be able to tolerate the contrast medium. Finally, the measurements can be made accurately only if the cardiac rhythm is regular and the patient can suspend respiration for 5 to 15 sec for data acquisition. Despite these limitations, it is likely that the great majority of patients with isolated aortic regurgitation and some patients with univalvular regurgitation of other valves could be studied effectively with ultrafast CT. Furthermore, the data obtained from an ultrafast CT examination (left ventricular volume,22 left ventricular mass,21 left and right ventricular systolic function, as well as a precise measure of the volume of regurgitation) are significantly more quantitative than the data that can be obtained by the combined use ofother noninvasive imaging techniques such as Doppler two-dimensional echocardiography and radionuclide angiography.
Limitations of current methods in the accurate quantitation of aortic regurgitation. The limitations of the various methods currently used to compare the volume of aortic regurgitation will be briefly reviewed.
Angiography. Angiographic assessment has been a traditional measure of the severity of aortic regurgitation. Arvidsson4 
